ABSTRACT. Three separate procedures were used to estimate the sediment oxygen demand (SOD) 
INTRODUCTION
Thermal stratification during the summer isolates the hypolimnion from a continuous supply of atmospheric oxygen. Aerobic degradation of organic matter in the hypolimnion and in the sediment leads to hypoxic or even anoxic (devoid of oxygen) conditions in the central basin of Lake Erie, because the thin bottom layer of water contains little oxygen following stratification (DePinto et al. 1986 ). The total phosphorus concentrations in the water column of the central basin have been increasing since 1990 . This increase in phosphorus enhances primary production and produces organic matter that further depletes the oxygen concentration in the hypolimnion (Kalff 2002) . Much of that consumption occurs in the surface layer of the bottom sediment. However, the sediment oxygen demand (SOD), defined as the flux of oxygen from the water column into the sediments, is still one of the most poorly understood and constrained parameters in the system. The SOD includes the oxidation of reduced solids by downward diffusing oxygen, the oxidation of upwardly diffusing reduced solutes and gases, as well as macro-and meio-benthic respiration (Matisoff and Neeson 2005) .
The impact that the SOD exerts on the hypolimnetic oxygen depletion is not necessarily well known, but the SOD is understood to be a key component of the phenomenon. Charlton (1980) claims that the sediment-water interface accounts for approximately half of the overall rate of oxygen depletion. More recent work evaluating ecosystem metabolism using oxygen isotopes reports that at Station ER-43M in the central basin of Lake Erie, 93.3% of the overall respiration rate of the water column is directly attributable to respiration in the sediment (Ostrom 2007) .
Many of the reactions that lead to the degradation of organic matter are facilitated by microorganisms (Stumm and Morgan 1981 , Snodgrass 1987 . These microbes serve as catalysts in the transfer of electrons in a series of chemical reactions. In the case of aquatic sediment systems, microbes generally follow a sequence of reactions that reflects the thermodynamic potential available during the decomposition of organic matter. Here the most reduced species, organic matter, serves as an electron donor (Stumm and Morgan 1981) . Species containing oxygen are the electron acceptors in a progression of reactions based on thermodynamic favorability: O 2 respiration, denitrification, manganese reduction, iron reduction, sulfate reduction, and finally methane fermentation in which one carbon atom in the organic matter is oxidized while another is reduced simultaneously.
In actuality in highly reduced sediments the sediment oxygen demand is predominantly a summation of microbiologically-mediated chemical reactions and reactions that follow MichaelisMenten kinetics. They are occurring simultaneously, and are not sequential as previously assumed, but each reaction is dependent upon the previous reaction . The reactions begin with oxic degradation and the concentration of oxygen in the sediments; the subsequent rate expression for denitrification is not only dependent upon the concentration of nitrate, but also the rate of oxic degradation and the concentration of oxygen. This formulation accounts for overlapping zones of aerobic respiration and denitrification. A similar pattern holds for all the primary redox reactions. The rate of each reaction is then added together to provide a quantitative estimate of the SOD.
This work presents three techniques to obtain and compare an SOD for the central basin of Lake Erie: 1) whole core incubation experiments, 2) the Biogeochemical Reaction Network Simulator (BRNS) model (© P. Regnier, C. Meile, D. Aguilera, P. Jourabchi), and 3) plug flow-through experiments (Pallud and Van Cappellen 2006; Roychoudhury et al. 1998) and compares the results to those obtained by modeling O 2 diffusion through pore waters (Matisoff and Neeson 2005) and to historical values obtained from the literature. A comprehensive data set from sediment cores collected in the central basin was generated on board the EPA R/V Lake Guardian during the summer of 2006. Microprofiles, sediment porewater, and solid profiles were used to calibrate and constrain the BRNS model. This work also presents a novel approach of using plug flow-through reactors to obtain rates of oxygen consumption reactions.
METHODS
Sediment samples were collected from the US EPA R/V Lake Guardian on 26 June 2006 and 10 August 2006 from station and 41.78833 N and 081.94500 W, respectively) in the southwest portion of the central basin of Lake Erie in 20.5 m water depth. A 30 cm × 30 cm × 30 cm Ekman box core was used for grab sampling; once on board the box core was sub-cored by hand. For use in micro-profiling, a core tube ranging in length from 10-15 cm with an outer diameter of 6.75 cm was used. For plug flow through reactors, a core tube of 10 cm length with an outer diameter of 5.7 cm was used. For whole core incubation experiments two cores were collected. The core tubes were constructed from a BOD bottle top mounted on a 15 cm long × 6.75 cm OD core tube. All samples were either used immediately or stored in refrigeration at ambient temperature conditions of the bottom of Lake Erie until use. A Benthos gravity corer with a 1 m length of 6.75 cm O.D. core tube was collected for pore water and sediment solid analysis. On each cruise a minimum of 10 liters of bottom water was collected for use in the plug flow-through experiments.
Microprofiles
Oxygen and nitrate profiles were collected on board ship using a Microelectrodes, Inc. MI-730 oxygen electrode and a Lazar Research Laboratories, Inc. ISM-146NO 3 nitrate electrode and a Microelectrodes, Inc. MI-401 micro-reference electrode (modified with a 20 cm barrel). A platform for the mounting of the electrodes was constructed; this ensured that the same depth was profiled by each probe, with a maximum penetration depth of 3 cm, limited by the shaft length of the nitrate and oxygen electrodes. This platform was mounted on a Velmex precision screw slide that enabled measurements to be taken at 0.05 cm intervals.
Due to longer shaft lengths, allowing deeper penetrable depths of up to 10 cm, another profiling platform was constructed to accommodate a Microelectrodes Inc. MI-411 combination pH electrode and a Lazar Research Laboratories, Inc. ISM-146S,C micro-combination ion sulfide electrode. The profiling platform ensured that the same depth was profiled by each probe, to within measurable limits. The Velmex precision screw slide was used to collect measurements at intervals of 0.1 cm for the first centimeter of sediment, followed by 0.2 cm resolution for the next two centimeters. Below 3 cm, intervals of 0.5 cm were used for the remaining 7 cm of the core.
Triplicate profiles from each of 2 cores were performed while the cores were submerged in a constant temperature water bath set to 12°C, the temperature of the bottom water at the collecting station on the day of collection. Readings were taken starting at the sediment water interface and continued through successive depths. A WTW StirOxG probe was used as a stirrer to minimize the development of a benthic boundary layer by gently mixing the overlying water column at a velocity below what is required for sediment resuspension. At each depth interval the probes were allowed to equilibrate for 30 sec before moving to the next depth.
All electrodes were calibrated prior to use. The MI-730 oxygen electrode was calibrated using a 21% dissolved oxygen solution accomplished by bubbling atmospheric air through de-ionized water for at least 30 min, and a Flinn Scientific Inc. 0% dissolved oxygen solution containing 2 M sodium sulfite (Na 2 SO 3 ). All other electrodes were calibrated using a five point logarithmic calibration technique, in accordance with the accompanying documentation of the individual electrode, using ion specific solutions, dependent upon electrode, ranging from 10.0 µM to 1.0 M.
Whole Core Incubations
Two cores were collected for incubation in BOD bottles with removable bottoms for coring purposes. The cores were covered with a known volume of Lake Erie bottom water. A third BOD bottle was filled only with Lake Erie bottom water to account for probe and water column consumption. Each bottle was wrapped in aluminum foil to ensure no light penetration. Vernier dissolved oxygen probes were placed in each of the bottles at approximately the same depth, ensuring that there was plenty of space between the sediment and the bottom of the probe. Prior to insertion the Vernier dissolved oxygen probes had been calibrated with a Flinn Scientific Inc. 0% dissolved oxygen calibration solution containing 2 M sodium sulfite (Na 2 SO 3 ) and an air saturation calibration was performed by placing the probe in a sealed container containing a quarter of an inch of water that was not in contact with the tip of the probe. The space between the shaft of the probe and the opening of the BOD bottle was sealed with plumbers' putty, to ensure no exchange between the water and the atmosphere. All three bottles were then placed in a constant temperature water bath at 12°C, the temperature of the bottom waters. Measurements began immediately after sealing the electrode and were taken continuously at 1 min intervals using a Vernier LoggerPro connected to a Dell Inspiron 3800 for about 24 hours until nearly all of the oxygen in the water had been consumed by the sediment.
Pore Water Analysis
A 40 cm core collected by a Benthos gravity corer was sectioned over the top 40 cm in a nitrogen filled glove box. In the top 10 cm, 2-cm depth intervals were used, from 10-22 cm, 4-cm depth intervals were used, and from 22-40 cm, 6-cm depth intervals were used. The sediment depth intervals were transferred into squeeze barrels containing a nylon mesh screen and 0.22 µm Osmonic filter paper, covered with a 12.7 cm by 12.7 cm piece of dental dam and then squeezed inside a nitrogen gas filled glove box to extract the porewater. Microelectrodes were used to take nitrate, pH, and sulfide concentrations on about 2 mL of the sample. Colorimetric analyses were performed for reduced iron (ferrozine technique), ammonium (phenol method), and total carbonate alkalinity (titration) (Clesceri et al. 1998 ). An ion chromatograph was used to obtain sulfate concentrations.
Sediment Solids
A 1-m core was sectioned in a nitrogen filled glove box for sediment solids analyses. The top 10 cm were sectioned at 1-cm depth intervals, from 10-58 cm 2-cm depth intervals were used, and from depths of 58-103 cm a 5-cm depth interval was used. Each soil sample was dried at 110°C for 18-24 hours. The wet and dry total sample mass was weighed, and then the dry sample was ground with a pestle and mortar until the sediment was thoroughly mixed. Falcon Petri dishes (100 × 15 mm) were filled with a homogenous sample from each depth interval. The Petri dishes were sealed with methylene chloride and were wrapped with electrical tape to ensure no gaseous 222 Ra would escape. Samples were analyzed by gamma spectroscopy using a standard, calibrated geometry for 210 Pb (46.52kV), 137 Cs (609.32kV), and 214 Bi (661.62kV) on a Canberra LEGe or EG&G Ortec HPGe detector for 23 hours.
A separate core was sectioned in 1-cm intervals for the first 6 cm, then 2-cm intervals were used until 10-cm depth was reached. An acid extractable digestion of sediment was used to obtain metal concentrations (3030 D and 3030 F in Clesceri et al. 1998) . The samples were then run on a Perkin Elmer Auto Analyst 200 for iron and manganese. Not all of the iron and manganese is available for uptake by the microbes. For example, the component of the metals held in the mineral lattices of the sediment would not be available as a microbial reactive component. A common approach to solving this problem is to subtract the background concentrations of Fe and Mn at depth from the total Fe and Mn recorded lower in the core . This correction results in the concentration of the reactive component for the (hydr)oxides, defined here as the microbially available Fe and Mn.
Plug Flow Through
Each plug flow-through reactor is composed of two acrylic caps with an inlet/outlet hole in the center that has been fitted with a barb fitting (Fig. 1) . From the hole at the center, radial grooves extend outward allowing a more even flow and distribution of liquid to permeate through the sediment plug. This decreases the build up of a diffusion boundary layer between the sediment and the inflowing solutions (Pallud and Van Cappellen 2006) . Sitting on top of the radial grooves are two 47 mm filter membranes: a glass fiber membrane filter and an Osmonic 0.22 µm nylon filter. Between the two end caps is a 1 cm high wall with a 48 mm inner diameter ring. This ring presses against a silicone gasket to provide a leak-proof seal. The reactor is held together and is tightened by four stainless steel bolts. When tightened the silicone gaskets ensure the immobility of the filter media, impermeability of exchanges with gases and liquids, and in situ conditions for the sediment plug (Roychoudhury et al. 1998 and Pallud and Van Cappllen 2006) . The 1-cm sediment plug holder has the same inner diameter of the core tube that was used to collect the sediment samples, allowing precise placement of a sediment core section into the reactor inside of a nitrogen filled glove bag. The top 5 cm of a sediment core was sampled in 1-cm intervals and the sediment plug reactors were then placed in a constant temperature water bath at 22.4 ± 2.5°C.
Lake Erie bottom water spiked with 100 µM bromide, used as an inert tracer, was pumped through each 1-cm sediment plug at a constant flow rate of 3.0 mL/hr by a peristaltic pump. Prior to the pumping of spiked Lake Erie bottom water, half of the samples were treated with sodium azide (NaN 3 ), a known biocide (Brock and Madigan 1994 and Roychoudhury et al. 1998) . The influent solution was fixed at varying dissolved oxygen concentrations of approximately 40, 90, 130, 150, and 175 µM for the untreated group and 40, 115, 120, 140, and 175 µM for the azide treatment. This influent solution was monitored for oxygen, bromide (using an Orion Research bromide specific ion electrode model 94-35A), nitrate, pH and sulfide concentration. Nitrate, pH, and sulfide concentrations were monitored with electrodes as described above. The effluent solution, that is the solution coming out of the reactor chambers, was monitored for the same parameters. The experiment ran until steady state was reached; steady state being defined as when the effluent and influent concentrations of bromide were equal.
The data were processed to obtain steady state rates of oxygen consumption (Pallud and Van Cappellen 2006) port by bioturbation and advective burial. In the model organic matter is mineralized by specific modified Monod kinetic reaction pathways that include the 6 primary redox reactions: oxic mineralization, denitrification, oxidation by manganese and iron oxyhydroxides, dissimilatory sulfate reduction, and methanogenesis. For example, organic matter degradation by methane fermentation, the last reaction in the sequence, may be described as
The rate of this reaction is given by Similar degradation and kinetic reactions can be written for each degradation pathway. This kinetic formulation ensures that exhaustion of the terminal electron acceptor causes the corresponding pathway for organic carbon oxidation to come to a halt and permits vertical overlap between successive metabolic pathways. It also avoids the a priori assignment of a depth interval to each pathway considered. The components are coupled through the reaction terms and through organic carbon. The overall rate of organic matter degradation is equal to the sum of the individual pathway degradation rates. Here the BRNS model using only these six primary redox reactions was employed to provide an estimate of the sediment oxygen demand, where SOD is equal to the sum of the depth integrated rates of each of the metabolic pathway reactions. Model coefficients are constrained by matching our pore water profiles of O 2 , NO 3 -, NH 4 + , HCO 3 -, SO 4 2-, Fe 2+ , and Mn 2+ and solid phase profiles of Fe and Mn. Additional input data included the organic carbon profile (Matisoff et al. 1977) , the CH 4 profile (Adams et al. 1982) , and the HPO 4 -2 pore 
where SSR refers to steady state reduction rate, C out is the effluent concentration of dissolved oxygen, C o is the influent concentration of dissolved oxygen, Q is the volumetric flow rate, and V is the internal volume of the reactor (15.5 cm 3 ).
Modeling
We employed the Biogeochemical Reaction Network Simulator (BRNS) (Regnier et al. 2002) to calculate the sediment oxygen demand (SOD). The BRNS model is a computationally modified version of the biogeochemical model STEADYSED1 Wang 1995, Wang and but with modified Monod kinetics. The BRNS model fully incorporates reaction couplings among C, O, N, S, Fe and Mn in pertinent biogeochemical reactions to calculate coupled solid phase and solute sediment diagenetic reactions. The BRNS uses a MAPLE pre-processor for automatic code generation, a numerical engine that links the solving routines of transport equations to nonlinear equations generated from the pre-processor, and a web interface. The underlying biogeochemical model is a multicomponent early diagenetic reactive transport model that accounts for solute transport by molecular diffusion, porewater irrigation, and sediment burial advection and particulate trans-water profile (our unpublished data from cores collected in 2002). The values for the temperature dependency (α) and molecular diffusion coefficients (D o ) of all species examined were taken from VanCappellen and Wang (1995) . Rate parameters for the six primary redox reactions are derived by the BRNS and are combined to obtain an overall SOD.
RESULTS

Microprofiles
Triplicate profiles of the dissolved oxygen concentrations were in good agreement, showing a similar trend in each case. Depth profiles were collected from half a centimeter above the sediment-water interface; this portion of the profile indicates the development of a slight benthic boundary layer reflected by the vertical oxygen concentrations in the bottom waters and a linear decline of oxygen concentrations into the sediment (Fig. 2) . All three oxygen profiles show a similar gradient in the decrease of dissolved oxygen, with the complete disappearance of oxygen by 0.7 cm.
The three nitrate (NO 3 -) profiles show similar down core trends (Fig. 2) . In each of the three profiles the concentration at the sediment surface is a minimum. Over the next 0.25-1 cm, dependent upon profile and core, there is a gradual increase in the nitrate concentration that results in a concentration maximum within the top 2-2.5 cm of the sediment. Below this maximum, concentrations decrease.
The sulfide (S -2 ) concentrations ranged from 4 × 10 -10 to 4 × 10 -7 M and were not in as good agreement as the NO 3 -concentrations. One of the profiles had elevated concentrations the entire length of the core and exhibited a spike in the concentration at 1 cm. In general, the concentrations of sulfide increased downcore below the sediment surface.
The pH profiles exhibited numerous maxima and minima. In the upper 3 cm of the profiles there does not seem to be a consistent trend. The general trend is a decrease in pH from about 7.4 near the surface to about 7.2 at a depth of 10 cm. (Fig. 3) . The nitrate concentrations are roughly constant at about 4 µM over the entire 40 cm profile. Sulfate concentrations are the highest near the sediment-water interface and decrease sharply to a depth of 5 cm. Over the remaining 35 cm the sulfate concentrations are approximately 40 µM. The soluble ferrous iron concentrations are nearly uniform at about 80 µM. The ammonium concentrations increase with depth from approximately 100 µM near the surface to approximately 700 µM at the bottom of the profile. The alkalinity profile for June, 2006 lies within the measurements for alkalinity obtained during the summer months of 2002 (Fig. 3) . The alkalinity concentrations tend to increase by about 0.25 mM with depth. The sedimentation rate was also determined using the 210 Pb activity profiles and the Constant Initial Concentration (CIC) model, yielding a burial velocity of 0.205 cm/yr (~0.082 g/cm 2 /yr), which is in reasonably good agreement with the velocity determined from the 137 Cs data.
Porewater
Iron and manganese concentrations in the sediment solids were determined over the top 10 cm. The total manganese concentrations are between 40-100 mg/kg with the higher concentrations near the surface of the sediment and concentrations of about 50 mg/kg below. The total iron concentrations increase from the surface where the concentration is approximately 2,500 mg/kg to a depth of 4 cm, where the concentration is 3,750 mg/kg. Below the maximum at 4 cm the concentration decreases to a minimum of about 2,500-3,000 mg/kg at a depth of 7-9 cm.
Only a portion of the concentration of iron and manganese reported above is available for microbially-mediated iron reduction reactions. The microbially-available portion of iron and manganese was estimated by subtracting the concentration of iron (~2,300 mg/kg) or manganese (~50 mg/kg) at depth from each of the concentrations. Because a constant concentration was subtracted the same overall trends present in the total solid profiles are maintained; the only real change occurs in the substantially lower microbially-available concentrations.
Whole Core Incubations
Oxygen concentrations in the water were monitored continuously in the whole core incubations. The concentrations remained approximately constant in the control core (water only) and decreased nearly linearly in the cores with water and a sediment core (Fig. 4) . By fitting a linear curve through the data, a rate for the disappearance of oxygen can be calculated. By further correcting for the sediment surface area and the volume of overlying water an SOD for each core is obtained: DO 1 and DO 4 yield SODs of 8.47 × 10 -12 and 6.32 × 10 -12 moles/cm 2 /sec, respectively.
Plug Flow-through Reactors
The simultaneous monitoring of influent (C o ) and effluent (C) concentrations of dissolved oxygen, nitrate, bromide, sulfide, and pH had consistent trends. Bromide concentrations started at a C/C o of 0 or nearly 0, eventually approaching 1, indicative of breakthrough and the system reaching steady state within about 40 hours (Fig. 5) . Only in the case of oxygen was there a higher ratio of C/C o at the onset of the experiment, this subsequently decreased with time to a steady state concentration ratio (Fig. 5) . The steady state oxygen concentration ratios were higher in experiments with sediment plugs from deeper in the core. The starting and ending values of C/C o for nitrate, sulfide, and pH varied greatly in the different experiments, but tended to also exhibit breakthrough and approached steady-state over the course of the experiments.
The SSRs were converted to fluxes by multiplying the SSR by the volume of the reactor (15.5 cm 3 ) and dividing by the cross-sectional area of the sediment (15.5 cm 2 ). The average SOD for all depth intervals was 4.04 × 10 -12 moles/cm 2 /sec for the untreated group and was 2.16 × 10 -12 moles/cm 2 / sec for the azide treated group which yields an abiological demand of 53% of the total SOD.
BRNS Model
A sensitivity analysis of the BRNS model reveals that the two most sensitive parameters are the concentration of organic matter and the SOD required to match the observed O 2 concentration profile in the porewaters. The BRNS model results were constrained by sediment solid, pore-water, and microprofile concentration data. In most cases the model was able to reproduce similar trends as those seen in the data. The model was able to very accurately reproduce the dissolved oxygen concentration profiles (Fig. 6 ), but was not as precise reproducing the trends. The concentrations produced by the BRNS are lower at every depth than those of the pore water data (Fig. 6) . The BRNS shows a very similar trend to that of the sulfate concentration data, lying nearly on top of the concentrations at depth, but predicting slightly elevated concentrations above 5 cm (Fig. 6) . The BRNS matches the trend of the ammonium concentration profile rather accurately (Fig. 6) . Model results of ferrous iron (Fe +2 ) and dissolved manganese (Mn +2 ) concentrations are in reasonable agreement with the observed pore water concentrations. The solid-phase iron data are poor; regardless, the model results do not match any possible trend, instead predicting elevated concentrations near the surface and going to zero, whereas the data are scattered. The general trend of the solid-phase manganese profile is reproduced by the model, but predicts lower concentrations than the data and goes to zero by approximately 2 cm. The reaction rates generated by the model fits can be used to calculate an SOD of 3.47 × 10 -12 moles/cm 2 /sec over the top 5 cm and 7.87 × 10 -12 moles/cm 2 /sec over the top 10 cm.
DISCUSSION
The BRNS is most sensitive to the SOD required to match the observed O 2 concentration profile in the porewaters and the concentration of organic matter in the sediment. It appears that an SOD on the order of 1 × 10 -10 moles/cm 2 /sec is required to obtain an oxygen profile where the penetration depth is less than 1 cm. There appears to be a threshold value for organic matter of approximately 1.0 × 10 -5 moles C/g solid. Below or at this value of organic matter the oxygen profile that results never reaches zero; instead the concentrations exhibit a minimum and the concentrations at depth are similar to the surface concentration of oxygen. An organic matter concentration of 1.0 × 10 -3 moles C/g solid is required to confine the oxygen penetration depth to approximately 2 cm. The organic matter concentration that was used for modeling, 2.5 × 10 -3 moles C/g solid, was not obtained as part of our data set, and was instead taken from an EPA report from 1977 (Matisoff et al. 1977) . It is clear that if this concentration is higher than concentrations in the sediment in 2006, then the calculated oxygen penetration depth would be too shallow. If the value of organic matter used in the calculations was lower than the 2006 conditions, then the calculated oxygen penetration depth would be too deep. The BRNS profiles show similar trends and reproduce the experimentally obtained profiles rather well for the most part, including oxygen, so it appears the concentration of organic matter used in the BRNS simulations was reasonable.
The BRNS, whole core incubation, and the O 2 diffusion model all provide estimates within a factor of two with one another for an SOD in the central basin of Lake Erie. The plug-flow experiments produced the lowest SOD estimates while the O 2 diffusion model yielded the highest SOD values. This could be because the sediment water interface gradients are actually lower than the diffusion method assumes because a benthic boundary layer would create lower gradients than the pore water profile would suggest. The whole core incubation experiment results in an average SOD of 7.40 × 10 -12 moles/cm 2 /sec for the central basin. In comparison, the O 2 diffusion model (Matisoff and Neeson 2005) results in an average SOD for the central basin of 8.29 × 10 -12 moles/cm 2 /sec. Over the top 10 cm of sediment, the BRNS predicts an SOD of 7.87 × 10 -12 moles/cm 2 /sec, and over the top 5 cm of sediment an SOD of 3.47 × 10 -12 moles/cm 2 /sec, through summation of the rates of all the primary redox reactions. The average for the untreated group of the flow-through experiment results in an SOD of 4.04 × 10 -12 moles/cm 2 /sec and an SOD of 2.16 × 10 -12 moles/cm 2 /sec for the azide treated group. If the average SSR value of 16.67 µmol/L/hr for the depth interval of 0-1 cm of the untreated group is used to determine an SOD based on the flow-through experiments, then an SOD of 4.63 × 10 -12 moles/cm 2 /sec can be calculated. If we cor-
FIG. 6. Pore water data and BRNS model profiles for oxygen (top), and ammonium, nitrate, and sulfate (bottom).
rect for the elevated temperature of that experiment by dividing the rate by two (Levinton 1982 , Gillooly et al. 2001 , and Bidle et al. 2002 , an SOD of 2.31 × 10 -12 moles/cm 2 /sec results. This then might represent a more accurate interpretation of the SOD based on the flow-through experiments.
The plug flow-through experiment is the only experimental design, in comparison to the O 2 diffusion model and whole core incubation experiment, where the SOD determination was essentially reaction limited; the other two experimental designs were both diffusion and reaction limited. The O 2 diffusion model, as the name implies, assumes that the diffusion of oxygen into the sediments due to the aerobic respiration of the microorganisms is the rate limiting step in the reactions that contribute to SOD. Whole core incubation experiments integrate all occurring reactions and reaction rates into a single value for SOD, but through the guise of diffusing oxygen leading to the degradation of organic matter. In both of these latter cases nearly all of the dissolved oxygen that is present in the core and water column is consumed during a measurement. In contrast, the design of the flow-through experiments is such that there is a constant supply of oxygen into the sediments allowing microbes to mediate the reactions, at every depth interval with a seemingly limitless supply of oxygen. While this is not the case in the lake, all three techniques employed in this work to calculate an SOD for the central basin of Lake Erie are in agreement to within about a factor of two (Table 1 ).
The BRNS model calculations do not include any secondary redox reactions and therefore its results may underestimate the SOD. For example, Wang and Van Cappellen (1996) report that in Danish marine sediments only between 22 and 46% of the oxygen demand of the sediment is directly coupled to organic carbon oxidation, the rest is consumed in the oxidation of iron sulfides and reduced iron and manganese. In freshwater sediments the amount of iron sulfide in the sediment that can oxidize is likely much smaller. However, the oxidation of upwardly diffusing ammonium and other reduced species produced below the oxic surface layer is likely important and, in fact, the oxidation of these Snodgrass (1987) FIG. 7. BRNS model simulations of SOD as a function of the organic matter content in the sediment. All model parameters except the organic matter content are the same as listed in Table 2 .
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species can dominate oxygen reduction (Van Cappellen and Wang 1995) .
One process in the lake that is not considered by these methods that also leads to additional sediment oxygen demand is bioirrigation and bioturbation caused by macrobenthos. However, the pore water profiles for O 2 , NO 3 -, SO 4 2-, and NH 4 + do not indicate any significant bioirrigation or bioturbation so this is not likely a significant source of error.
The BRNS model captures reasonably well the biogeochemistry of the sediment. As such, it can be used to make predictions or "what-if " estimates of various scenarios. Of particular interest is the relationship between SOD and the organic matter concentration in the sediment. Figure 7 shows that relationship using the parameter values in given in Table 2 for all parameters except the organic matter concentration. The data show that the SOD increases nearly linearly with the organic matter concentration in the sediment. This provides a simple relationship that may be used to estimate the SOD throughout the lake in terms of a parameter, carbon concentration, for which there is a much larger data base.
The Great Lakes Water Quality Agreement has targeted a reduction in the phosphorus loading to the lake with the goal of improving water quality and alleviating the dead zone in Lake Erie. Thus it is of particular interest whether or not the presumed decreases in organic carbon deposition that has occurred over the past 35 years as a result of a reduction in phosphorus loadings to the lake have resulted in a decrease in the SOD and in the volumetric hypolimnetic oxygen demand (VHOD). Burns et al. (2005) calculated a nonsignificant downward trend in VHOD from 1970 to 1989 and a weaker non-significant upward trend from 1990 to 2003. They attribute the lack of a strong downward trend and high variability in the VHOD to variations in TP loadings, especially those from the previous year, to production of O 2 in the thermocline, to annual climate variations that affect vertical mixing and hypolimnion thickness, and to possible C cycling modifications introduced by a changing trophic system. Since SOD is a major portion of the VHOD (Snodgrass 1987) , little change in the VHOD would suggest that there has been little change in the SOD. However, the sediment has about a 50 year residence time (residence time = mixed layer thickness/sedimentation rate = 10 cm/0.2 cm/yr = 50 years) so its response to changes in nutrient loading may take over 50 years to fully equilibrate to one full step change in concentration of a nutrient, such as phosphorus. The sediment also integrates the information from the water column over this time frame, so it is less likely to display the wide annual variations observed in the VHOD and the SOD won't necessarily respond quickly to changes in loading and only after many years can we expect to see a decrease in SOD in response to decreased loadings.
Since our data were collected from only one station in the central basin at one point in time, the data set does not permit a comprehensive evaluation of the SOD over time. However, a comparison with previously reported values is still useful. Many of the previous estimates of SOD for Lake Erie have been reported in units of g O 2 /m 2 /d; for comparison the SODs of this work have been converted to the same units (Table 1 ). The oxygen demand values reported by the flow-through experiments are smaller in comparison to the other methods of this work. The azide treatment should have incapacitated nearly, if not all, of the biological activity present in the sediment so this value should provide a geochemical demand for the sediment. This suggests that the abiotic demand is about half of the total oxygen demand of the sediment, in agreement with model calculations . Snodgrass (1987) evaluated the data sets given in Table 1 , and concluded that measured values of SOD are probably 50 to 100% too high. Burns (1976) argued that an accuracy of about 3% is necessary to observe changes in the SOD of Lake Erie. Clearly the precision of various SOD measurement techniques in Table 1 is not that good. Snograss (1987) concludes that a biogeochemical model may provide for better estimates of the SOD. The BRNS and similar models meet that criteria. In addition, this work was conducted almost 20 years after the data sets evaluated by Snodgrass (1987) and include model values, so it is possible that sufficient time has passed to enable comparison of the data in Table 1 Herdendorf 1980) . This suggests that the SOD may have declined over the past 35 years, although the amount of the decrease is about the same as the amount of overestimation of the historical value as suggested by Snodgrass (1987) . Nevertheless, if the SODs are decreasing then these data support the observation that Lake Erie is responding to the decrease in chemical loading. However, even though the SOD appears to be decreasing there is no evidence of an improvement (Hecky et al. 2004) or annual climate variations that affect vertical mixing and hypolimnion thickness. There has been an increase in the temperature of the surface waters of the Great Lakes, but this relatively small change in temperature would not dramatically decrease the solubility of dissolved gases. Also, it has been suggested that Dreissenids are causing conditions that are more oligotrophic in the open surface waters of Lake Erie (Makarewicz et al. 2000) which would lead to a decrease in the load of organic matter for burial into the sediments of the central basin and a decrease in the SOD. Perhaps the bathymetry of the central basin is such that the hypolimnion has and will always be so thin that during periods of stratification, a zone of anoxia will be present. 
